a b s t r a c t Arsenic (As) contamination is a severe problem in the intertidal zones of the Bohai Sea (China) with wide salinity variation. In the present study, we combined proteomics and metabolomics to characterize the differential responses of arsenic in clam Ruditapes philippinarum under different salinities (31.1, 23.3 and 15.6 psu). Both proteomic and metabolomic responses indicated that varying salinities could significantly affect the toxicological responses of clams to As. Metabolic biomarkers revealed that the environmentally relevant arsenic (20 g L −1 ) exposure induced disturbance in energy metabolism and/or osmotic regulation under different salinities, whereas protein biomarkers indicated oxidative stress, cellular injury and apoptosis and disturbance in energy metabolism. In addition, the up-regulated proteins including ATP synthase, succinyl-CoA synthetase and nucleoside diphosphate kinase were validated by related metabolites, succinate and ATP, which confirmed the disturbance in energy metabolism in clam gills at low salinity (15.6 psu). These findings provide important insights into toxicological effects of environmental contaminant at molecular levels using combined proteomics and metabolomics.
Introduction
Arsenic (As) is a toxic element that is released into estuarine and coastal environments from natural sources such as volcanic activity, and anthropogenic activities including mining, smelting, application of fertilizers and pesticides (Zhou et al., 2011; Baig and Kazi, 2012) . In China, arsenic with an average amount of 5081 tons/year was discharged to estuarine and coastal environments due to industrial and agricultural developments from 2007 to 2010 (BCMEQ, 2007 (BCMEQ, -2010 . Inorganic arsenic has been classified as a human carcinogen by International Agency for Research on Cancer (ATSDR, 2007) . In aquatic environment, arsenic may occur in both inorganic forms, arsenite (As(III)) and arsenate (As(V)), and organic forms such as arsenoribosides, arsenobetaine, monomethylarsonic acid and dimethylarsinic acid (Harrington et al., 1997) . The background levels of arsenic in open ocean seawater are typically low (1-2 g L −1 ) (Neff, 1997) . In some heavily polluted sites along the Bohai Bay, however, the concentration of total arsenic in seawater has been up to 400 g L −1 (Meng et al., 2004) . In addition, our recent study has demonstrated that the average content of total arsenic is 17 mg kg −1 dry weight in mussel Mytilus galloprovincialis along the Bohai coast. It is approximately 17 times higher than the national criteria of marine seafood safety for arsenic (1 mg kg −1 ). Arsenate (As(V)) is usually the dominant form of inorganic arsenic in marine ecosystems (Suhendrayatna et al., 2002) . Marine organisms such as algae, bivalves and fishes can readily accumulate arsenic that exerts different toxicological effects on them (Ventura-Lima et al., 2011) . Salinity changes gradually from estuaries to marine environments. Clowes and Francesconi (2004) reported that marine mussel Mytilus edulis could use a higher level of the bio-transformed speciation of arsenic, arsenobetaine, as an osmolyte in a higher salinity. However, there is a lack of studies on the toxicological effects of arsenic under different salinities at molecular levels.
With the development of modern analytical techniques, the "-omic" approaches, including genomics, transcriptomics, proteomics and metabolomics, have been well-established and successfully applied in environmental toxicology (Fedorenkova et al., 2010; Santos et al., 2010) . Among these approaches, proteomics based on the combination of two-dimensional electrophoresis (2-DE) and MS remains widely useful to present complex biologically functional protein networks (Choi et al., 2012) . Not only is proteomics a powerful tool for describing complete proteomes at organelle, cell, organ or tissue levels, but it can also be used to compare proteomes under environmental contaminant stress (Ahsan et al., 2009) . Metabolomics is the study on a global profile of the low molecular weight (<1000 Da) metabolites which are the end products of metabolisms in various biological systems (Lindon et al., 1999; Davis, 2005) . The profiling of metabolomes can present information of metabolic status in an organism to assess the biological responses induced by exogenous factors (Wu et al., 2005; Pedras and Zheng, 2010) . Since metabolomics and proteomics can directly characterize the perturbations of metabolic pathways and corresponding enzymes and stress-responsive proteins, both metabolomics and proteomics have represented their practicability to elucidate the toxicological mechanisms of contaminant actions in organisms (Poynton et al., 2011; Zhang et al., 2012a,b) . Especially, a combination of proteomics and metabolomics could validate and complement one another, when testing the toxicological effects of environmental pollutants (Zhang et al., 2011a,b) .
To our knowledge, most investigations on the toxicological effects of arsenic have focused on fishes which are vulnerable to arsenic exposure (Liao et al., 2003; Zhang et al., 2011a,b) . Manila clam (Ruditapes philippinarum) resides in both low intertidal and subtidal zones where the salinities are drastically changeable. Due to its wide geographic distribution and high tolerance to environmental changes (e.g., salinity, temperature), R. philippinarum is frequently used as a bioindicator in marine environmental monitoring and toxicology (Moraga et al., 2002; Liu et al., 2011) .
Changeable environmental factors, such as seawater salinity and temperature, can affect the physiological status of animals, which could potentially influence the toxicological effects of contaminants in experimental animals (Laing and Child, 1996; Hines et al., 2007) . In the present study, R. philippinarum, which can survive under the salinity ranging from 7.5 to 40.0 psu, was employed as the experimental animal to investigate the differential toxicological effects of environmentally relevant arsenic concentration under different salinities using an integrated proteomic and metabolomic approach.
Materials and methods

Clam exposure
A total of 120 adult clams R. philippinarum (shell length: 3.4-3.8 cm) were purchased from a local culturing farm. After transport to the laboratory, the animals were kept for 1 d in natural seawater (salinity 31.1 psu) collected from pristine environment. Then, the clams were acclimatized at normal (31.1 psu), 75% (23.3 psu) and 50% (15.6 psu) salinities of seawater (prepared from different ratios of seawater and de-ionized water). The salinities were reduced gradually over a period of 3 d to achieve the experimental salinities which were accurately measured daily. Clams were then acclimatized at each specific salinity level for another 3 days, with daily water change. Six treatments were designed including three salinity control groups (31.1, 23.3 and 15.6 psu) and three arsenic exposure groups under corresponding salinities. The nominal concentration of arsenic was 20 g L −1 (prepared from Na 2 HAsO 4 , with a stock solution concentration 200 mg L −1 ) that is environmentally realistic in the heavily polluted sites along the Bohai coast (Meng et al., 2004; Zhang, 2001) . In each treatment, twenty clams were maintained in a tank containing 20 L seawater. During the acclimation and exposure periods, clams were kept at 22 • C under a photoperiod of L12:D12, and fed daily with the Chlorella vulgaris Beij at a ration of 2% tissue dry weight. Twelve individual clams in each group were randomly selected and immediately dissected for gill tissues after exposure of As(V) for 48 h. These gill samples were flash frozen in liquid nitrogen, and then stored at −80 • C before metabolite and protein determinations.
Metabolite extraction
Polar metabolites in the gill tissues of clams were extracted by the modified extraction protocol as described previously (Lin et al., 2007; Wu et al., 2008) . Briefly, the gill tissue (ca. 100 mg wet weight) was homogenized and extracted in 4 mL g −1 of methanol, 5.25 mL g −1 of water and 2 mL g −1 of chloroform. The methanol/water layer with polar metabolites was transferred to a glass vial and dried in a centrifugal concentrator. The extracts were subsequently re-suspended in 600 L phosphate buffer (100 mM Na 2 HPO 4 and NaH 2 PO 4 , including 0.5 mM TSP, pH 7.0) in D 2 O. The mixture was vortexed and then centrifuged at 3000 × g for 5 min at 4 • C. The supernatant substance (550 L) was then pipetted into a 5 mm NMR tube prior to NMR analysis.
Protein extraction
Total protein extraction was performed based on Lee and Lo (2008) and Kirkland et al. (2006) with some modifications. Briefly, the gill (∼100 mg) was homogenized with 1 mL ice-cold Trizol reagent and centrifuged at 12,000 × g for 5 min (4 • C) to collect the supernatant. The supernatant was added with 200 L chloroform, and vigorously shook for 3 min and precipitated for 3 min. Then the mixture was centrifuged at 12,000 × g for 15 min at 4 • C and the upper aqueous layer was discarded. 300 L of absolute ethyl alcohol was added and the mixture was allowed to stand for 3 min in room temperature before being centrifuged at 2000 × g for 5 min at 4 • C. The phenol/ethanol supernatant was precipitated for 30 min at room temperature by the addition of 750 L isopropanol prior to centrifugation at 14,000 × g for 10 min at 4 • C. Pellets obtained were washed with 1 mL ethanol (95%, v/v) and centrifuged at 14,000 × g for 10 min at 4 • C. This procedure was repeated twice. The pellets were solubilized in the lysis buffer (7 M urea; 2 M thiourea; 4%, m/v CHAPS; 65 mM DTT and 0.2%W/V Bio-lyte buffer) and then incubated for 3 h at room temperature (Tullius et al., 2002) . The homogenate was centrifuged at 15,000 × g for 10 min and the supernatant was applied to electrophoresis. The total concentrations of proteins were determined by Protein Assay Kit of TianGen Corparation.
Two-dimensional gel electrophoresis
The first dimension (IEF) was electrophoresed in a 24-cm Immobiline Drystrip with a nonlinear pH 3-10 gradient. One hundred and forty microgram proteins to a final volume of 450 L were loaded. Isoelectric focusing gel solution contained 7 M urea, 2 M thiourea, 4%, m/v CHAPS, 65 mM DTT, 0.001%, m/v Bromophenol blue and 0.2%, w/v Bio-lyte buffer. IEF was conducted at 20 • C with an Etan IPGphor3 system for a total of 85,858 Vh (Active rehydration was carried out at 30 V for 12 h, followed by 100 V for 5 h, 500 V for 1 h, 1000 V for 1 h, and a linear increase of voltage to 8000 V for 11 h).
After the first dimension, strips were equilibrated in buffer (0.05 M Tris-HCl, pH 8.8; 6 M urea; 30% glycerol; 2%, w/v SDS; containing 1%, w/v DTT) for 15 min. Subsequently, the strips were incubated for a second 15 min in the same equilibration buffer with 2.5% (w/v) iodoacetamide without DTT (Lee et al., 2006) . The second dimension was performed on 12.5% SDS-PAGE gels using Ettan DALTsix system. After electrophoresis, the gels were silver stained according to the modified protocol from Gharahdaghi et al. (1999) and Mortz et al. (2001) . Images were captured by ImageScanner III and spots were quantitatively analyzed by ImageMaster 2D Platinum 7.0. The abundance of each protein spot was estimated by the percentage volume (vol%). Only those with significant changes (>1.5 folds and p < 0.05) were considered to be differentially expressed proteins.
In gel digestion and MS analysis
In gel digestion was performed according to Katayama et al. (2001) . The dried samples were resuspended with 5 L 0.1% TFA followed by mixing in 1:1 ratio with a saturated solution of ␣-cyano-4-hydroxy-trans-cinnamic acid in 50% acetonitrile (Shevchenko et al., 1996) . One microliter of mixture was analyzed by an ABI 4800 MALDI-TOF/TOF Plus mass spectrometer (Applied Biosystems, Foster City, USA), data were acquired in a positive MS reflector using a CalMix5 standard to calibrate the instrument (ABI4800 Calibration Mixture). Both the MS and MS/MS data were integrated and processed by the GPS Explorer V3.6 software (Applied Biosystems, USA) with default parameters. Proteins were identified based on 95% or higher confidence interval of their scores in the MASCOT V2.4 search engine (Matrix Science Ltd., London, U.K.). The following parameters were used in the search: NCBInr Metazoa (Animals) (2861494 sequences) database; trypsin as the digestion enzyme; one missed cleavage site; partial modifications of cysteine carbamidomethylation and methionine oxidization; no fixed modifications; 0.15 Da for precursor ion tolerance and 0.25 Da for fragment ion tolerance. Individual ions scores > 40 indicated identity or extensive homology (p < 0.05). For those proteins with multiple identifications by mass spectrometry, the identifications with highest Mascot scores were chosen for further interpretation.
1 H NMR spectroscopy
Metabolite extracts of gills from clams were analyzed on a Bruker AV 500 NMR spectrometer at 500.18 MHz (at 298 K) as described previously (Liu et al., 2011) . All 1 H NMR spectra were phased, baseline-corrected, and calibrated (TSP at 0.0 ppm) using TopSpin (version 2.1, Bruker). Metabolites were assigned and quantified following the tabulated chemical shifts (Fan, 1996) and using the software Chenomx (Evaluation Version, Chenomx Inc., Canada).
Antioxidant enzyme activities and lipid peroxidation
Six gill tissues of R. philippinarum from each group were ground in liquid nitrogen, and subjected to antioxidant enzyme activity assays. Measurements of superoxide dismutase (SOD, EC 1.15.1.1), glutathione S-transferases (GST, EC 2.5.1.18), catalase (CAT, EC 1.11.1.6) and glutathione peroxidase (GPx, EC 1.11.1.9) were performed by using commercial enzyme kits (Nanjing Jiancheng Bioengineering Institute, China). Lipid peroxidation was determined by measuring the generation of thiobarbituric acid reactive substances (TBARS) and expressed in terms of malondialdehyde (MDA) content. Protein concentration was determined with Bradford method by using bovine serum albumin as standard (Bradford, 1976) . The enzyme activities and MDA content were expressed as U mg −1 protein and nmol mg −1 protein, respectively.
Determination of total arsenic in gill tissues
Six gill samples in each group were dried at 80 • C to constant weights, and then digested in 1 mL concentrated nitric acid (70%, Fisher Scientific) using a microwave digestion system (CEM, MAR5). All completely digested samples were diluted with ultrapure water to 5 mL for the quantification of arsenic. Total arsenic concentrations (National criteria of arsenic for edible marine mollusks: 1 g/g dry weight) were analyzed using an inductively coupled plasmamass spectrometry (ICP-MS) (Agilent 7500i, Agilent Technologies Co. Ltd., USA). GBW08571 Marine muscle tissue (State Bureau of Technical Supervision, People's Republic of China) was employed as certified reference material for metal analysis to ensure internal quality assurance/quality control (QA/QC) practices (Li et al., 2012) . Table 1 Total arsenic in gills of control and arsenic-exposed clams (n = 6) under salinities of 31.1 (normal), 23.3 and 15.6 psu. Data were expressed as mean ± SD (g g −1 dry weight). Statistical significances between combined salinity and arsenic-exposed and corresponding salinity-exposed R. philippinarum samples (p < 0.05) were determined by one-way ANOVA with Tukey's test.
Statistical analysis
Metabolite concentrations and antioxidant enzyme activities were tested for normal distribution (Ryan-Joiner's test) and homogeneity of variances (Bartlett's test). The effects of salinity, arsenic and their interactions were analyzed using two-way analysis of variance (ANOVA). When interactions between salinity and arsenic were found, the significance of each factor was further analyzed using one-way ANOVA followed by multiple comparisons. A p value less than 0.05 was considered statistically significant. Correlation analysis between the metabolite concentrations was carried out and R-square values are reported. The Minitab software (Version 15, Minitab Inc., USA) was used for the statistical analysis.
Results and discussion
Accumulation of arsenic in clam gills
The amounts of total arsenic in gills are presented in Table 1 . Significant accumulations (p < 0.05) of arsenic were found in clam gills after exposure for 48 h. However, no significant effects were induced by salinities on arsenic accumulation. This work focused mainly on the acute toxicological effects of arsenic in clams. Therefore, only total arsenic contents were measured. However, the significant accumulation of total arsenic could induce potential toxicological effects in clam.
Effects of arsenic on antioxidant enzymes and lipid peroxidation in clam gills
From the analysis of two-way ANOVA (Table 2) , CAT activity and MDA content were significantly (p < 0.05) affected by arsenic exposure, while SOD, GST and GPx activities were altered by reduced salinities. However, these biochemical indices were not significantly affected by the interaction between salinity and arsenic, which meant that salinity did not influence arsenic-induced oxidative stress. Reduced salinities decreased the activities of SOD, GST and GPx, which meant that hyposaline condition perhaps induced Table 3 Biochemical indices in gill tissues (n = 6) exposed to various salinities and combined salinity and arsenic (20 g L −1 ). Values are presented as mean ± standard deviation. a The enzyme activities and MDA content were expressed as U mg −1 protein and nmol mg −1 protein, respectively. b Statistical significances between combined salinity and arsenic-exposed and corresponding salinity-exposed R. philippinarum samples were less than 0.05. c Statistical significances approached 0.05 (p < 0.1).
oxidative stress in clams and resulted in redox balance alterations. Similar results were observed in three marine gastropod species (Deschaseaux et al., 2011) . MDA contents were significantly (p < 0.05) elevated in arsenic-treated samples (Table 3) . It implied that arsenic could induce potential lipid peroxidation in clam gills. The average CAT activity was significantly (p < 0.05) increased in clams exposed to arsenic, which meant potential oxidative stress of arsenic. These differential biomarkers of oxidative stress suggested that arsenic with a concentration of 20 g L −1 could induce oxidative stresses in clam gills.
3.3. Effects of salinity in clam gills at metabolomics and proteomic levels 3.3.1. Effects of salinity on the metabolome of clam gills A representative 1 H NMR spectrum of clam gill extracts was shown in both original and generalized log-transformed forms in Fig. 1 . All NMR spectra were dominated by two organic osmolytes, betaine and taurine that were commonly found in marine mollusks (Wu and Wang, 2010) . Two-way ANOVA analysis was conducted on the metabolite concentrations revealing statistical significances of metabolites caused by salinity, arsenic and salinity/arsenic (p < 0.05) (Table 4) . Obviously, reduced salinities resulted significant changes in most of the detectable metabolites except alanine and histidine (Table 5 ). The concentrations of amino acids were significantly increased in clam gills with decreased salinities. On the other hand, three organic osmolytes, hypotaurine, betaine and homarine, were significantly (p < 0.001) decreased in clam gills under reduced salinities. Low seawater salinities can induce hypo-osmotic stress to marine mollusks. Some marine mollusks can use high intracellular concentrations of free amino acids to balance their intracellular osmolarity with the environment, as reported by Viant et al. (2003) . In our case, the concentrations of amino acids were elevated to balance the osmolarity under reduced seawater salinities together with depleted osmolytes, hypotaurine, betaine and homarine. Correlation analysis indicated negative coefficients (R 2 > 0.8) between hypotaurine and amino acids (valine, isoleucine, leucine, threonine, etc.), with p values less than 0.01. It confirmed that these amino acids were involved in osmotic regulation in clam. In addition, between combined salinity and arsenic-exposed and corresponding salinity-exposed R. philippinarum samples were determined by one-way ANOVA with Tukey's test. glucose, fumarate and ATP was significantly (p < 0.05) increased. Glucose is an energy storage compound and fumarate is an intermediate in Krebs cycle used by cells to produce energy in the form of ATP from food. Since hypoosmotic stress can significantly reduce the food intake, the experimental clams under low salinities were believed to be under restriction of food during exposure. In abalone (Haliotis rufescens), the levels of amino acids and glucose were decreased in muscle, digestive gland and hemolymph during starvation (Viant et al., 2003) . In our case, the contrary results were found in clam gills, therefore it is speculated that increased glucose, fumarate and ATP could indicate that clam consumed higher amounts of energy related metabolites in digestive gland, and therefore more glucose, fumarate and ATP were biosynthesized in gills to maintain energy metabolism in clam.
Effects of salinity on the proteome of clam gills
The representative 2-DE gels of arsenic-blank and arsenictreated clam samples under three salinities are shown in Fig. 2 . To discover protein biomarkers of hypo-osmotic stress induced by reduced salinities, we compared the 2-DE gels from clam gills under normal (31.1 psu) and reduced salinities (23.3 and 15.6 psu). A total of fifteen protein spots under reduced salinities were significantly altered in abundance (>1.5 folds; p < 0.05), and ten of them were identified by MALDI-TOF-MS/MS (Table 6 ). These proteins were found to be involved in cytoskeleton organization (3 proteins), defensive system (5 proteins), signal transduction (1 protein) and metabolism (1 protein). Actin is an abundant cytoskeletal protein that is a component of microfilaments in cells. In the clam gills under low salinity (15.6 psu), one cytoskeletal actin was down-regulated. However, another cytoplasmic actin was up-regulated in clam gills under medium salinity (23.3 psu). The alteration in actins has been reported in response to cellular stress or apoptosis, such as M. galloprovincialis exposed to cylindrospermopsin produced by Cylindrospermopsis raciborskii (Puerto et al., 2011) . In our case, the alteration in actins implied that reduced salinities perhaps caused cellular injury due to cytoskeletal disruption under hypo-osmotic status, which was further confirmed by down-regulated tubulin. Two small heat shock proteins (sHSP) were significantly down-regulated in the reducedsalinity exposed groups, respectively. Outer dense fiber protein (ODFP) was suggested as the 10th member of the superfamily of mammalian sHSPs (Fontaine et al., 2003) . In this study, one ODFP-like protein was also found to be down-regulated in lowsalinity exposed groups. sHSPs usually execute two main defensive functions including cytoskeleton stabilization and anti-apoptotic activity (Boncoraglioa et al., 2012) . Hereby, the down-regulation of these sHSPs indicated potential cellular injury and (or) apoptosis caused by reduced salinities, which was confirmed by altered actin and tubulin expression. Annexin-1 is a calcium-dependent phospholipid binding protein that participates in the mediation of apoptosis (Gerke and Moss, 2002) . The significant down-regulation of annexin-1 in medium-salinity exposed group perhaps indicated potential apoptosis caused by hypo-osmotic stress. The 14-3-3 proteins have the ability to bind diverse signaling proteins (kinases, phosphatases, transmembrane receptors and the phosphorylated Bad proteins) and so prevent apoptosis (Muslin et al., 1996) . One 14-3-3 protein was apparently down-regulated (>3 folds) in clam gills under medium salinity (23.3 psu), further indicating that this salinity induced apoptosis as well. Matrilin is a subfamily of extracellular matrix proteins that are involved in immune defense (Bouchut et al., 2006) . A down-regulated matrilinlike 40 kDa protein implied that the low salinity could induce immune responses in clams. Protein disulfide isomerase (PDI) is a metabolic enzyme catalyzing the formation and breakage of disulfide bonds between sulfides (S-) in cysteine residues of folding proteins. As a member of the superfamily of thioredoxin, PDI has been found in response to oxidative stress (Freedman et al., 1994) . The down-regulation of PDI could imply that the low salinity (15.6 psu) affected the antioxidant system in clam gills.
3.4. Effects of arsenic in clam gills under various salinities at metabolomics and proteomic levels 3.4.1. Effects of arsenic on the metabolome of clam gills under various salinities From the analysis of two-way ANOVA, the metabolites including valine, leucine, isoleucine, threonine, tyrosine, betaine, fumarate, acetoacetate and ATP were significantly affected by both arsenic and interaction between arsenic and salinity (Table 5) . Clearly, these metabolic biomarkers demonstrated that reduced salinities influenced arsenic-induced effects in clam. To further the comparison, one-way ANOVA analysis was conducted on these metabolite concentrations from both arsenic-treated and arsenic-blank clam samples (Table 6 ). Arsenic exposure increased the levels of succinate and fumarate in clam gills under normal salinity (31.1 psu), which suggested that arsenic caused disturbance in energy metabolism. Under reduced salinities (23.3 and 15.6 psu), betaine was significantly elevated in clam gills exposed to arsenic compared to the samples from arsenic-blank group, suggesting arsenic-induced osmotic stress in clam gills. However, significant decreases of amino acids (valine, leucine, isoleucine, threonine and tyrosine) were observed together with increases of ATP and betaine in clam gills under low salinity (15.6 psu). The oxidizable amino acids could be involved in cellular energy metabolism in marine mollusks, which was observed in abalone (H. rufescens) (Viant et al., 2003) .
Effects of arsenic on the proteome of clam gills under various salinities
Comparisons between arsenic-blank and arsenic-exposed groups under each salinity were conducted to characterize the differential proteomic responses. Overall, twenty-five protein spots were significantly altered in arsenic-exposed clam samples, and twenty-one proteins were identified by MALDI-TOF-MS/MS analysis (Table 6 ). Obviously, the responsive proteins in arsenic-exposed groups under each salinity were different, which demonstrated that reduced salinities influenced the toxicological effects of arsenic as indicated by metabolomics. Under normal salinity, cytoskeletal actin 1 and alpha-1 tubulin were down-regulated in arsenicexposed clam gills, implying cellular injury caused by arsenic. One catalase (CAT) that is related to anti-oxidative stress was down-regulated as well. However, the total CAT activity was not significantly changed (Table 4 ). The lack of correlation between certain protein and enzyme activity is not surprising, since enzyme measurements include all CAT members of this family. Transketolase is an important enzyme in pentose phosphate pathway (PPP) that is responsible for energy transduction and nucleic acid synthesis (Klinga et al., 2008) . The down-regulation of transketolase could imply the inhibition of pentose phosphate pathway. It is reported that oxidative stress can inhibit the PPP, which was observed in zebrafish liver exposed to brominated flame retardants (Klinga et al., 2008) . In this work, arsenic exposure induced oxidative stress in clam gills under normal salinity (31.1 psu), which perhaps caused the down-regulation of transketolase. Sarcoplasmic calcium-binding proteins (SCPs) are an important Ca 2+ -binding system in the maintenance of intracellular Ca 2+ homeostasis (Gao et al., 2006) . Therefore, the down-regulated SCP might mean the dysregulation of cellular Ca 2+ homeostasis.
In the clam gills under medium salinity (23.3 psu), one cytoskeletal actin was down-regulated, which was similar to that under normal salinity. In invertebrate, cathepsin B contributed to the digestion of blood protein and suggested that it might play a role in crustacean innate immunity, which were observed in cadmium-exposed European bullhead Cottus gobio (Dorts et al., 2011) . Additionally, cathepsin L1 cysteine protease is involved in immune responses as well (Dorts et al., 2011) . In this study, the dramatic down-regulation of cathepsin L1 (>11 fold) and cathepsin B suggested that arsenic exposure could affect the immune systems in clam gills under medium salinity. As the constituents of deformable cellular latticework, down-regulated intermediate filament proteins (IFP) demonstrated the cellular injury by arsenic in clam gills combined with one altered ODFP. G proteins play important roles in growth-regulating signal pathways, while Rho GDP dissociation inhibitors (RhoGDIs) are the regulators of Rho GTPases and involved in normal cell growth as well (Neer, 1995; Davis et al., 2000) . Both down-regulated G protein and RhoGDI indicated that arsenic influenced normal cell growth in clam gills under medium salinity.
Protein kinase C interacting protein I (PKCI) has been reported as an interacting partner for regulators of G protein signaling (RGS) that plays essential roles in normal cell growth (Ajit et al., 2007) . However, no G protein alternation was observed in clam gills under low salinity (15.6 psu). The significant up-regulation of PKCI might be related to the disorder of normal cell growth caused by arsenic exposure.
C1q domain containing protein is reported to function as a pattern recognition receptor (PRR) in mollusk innate immunity (Zhang et al., 2008) . Under low salinity (15.6 psu), one C1q domain containing protein was the most remarkably up-regulated protein, which suggested the disturbance in immune system of arsenicexposed clam. Actin-depolymerizing factor (ADF) is one of the actin cytoskeleton-modulating proteins. The accumulation of ADF can lead to depolymerization of actin filaments, indicating cellular injury in clam gills combined with the altered actin.
Ubiquitin is a small regulatory protein involved in the nonlysosomal degradation of intracellular proteins (Kimura and Tanaka, 2010) . The up-regulation of ubiquitin supports the hypothesis that arsenic exposure could potentially result in apoptosis under low salinity. Notably, one arsenite-resistance protein was found in clam gills exposed to arsenic (As(V)) at low salinity. Although arsenic biotransformation has been reported in marine animals (Whaley-Martin et al., 2012) , however, no information of arseniteresistance mechanisms in R. philippinarum is available so far. One recent work reported that blue mussels (M. edulis) from Seal Harbor (Guysborough County, Nova Scotia, Canada) with high arsenic concentrations (30-200 g L −1 seawater) possessed As(III) with proportions ranging from 16% to 36% of total arsenic (WhaleyMartin et al., 2012) . It indicated that marine mollusks have potential capabilities to transform arsenate into arsenite. In our case, especially, low salinity could lead to more efficient biotransformation of arsenate into arsenite in clam R. philippinarum. Therefore, the arsenite resistance protein was up-regulated to detoxify arsenite.
Nucleoside diphosphate kinases (NDPKs) are enzymes that catalyze the exchange of phosphate groups between various nucleoside diphosphates. For example, NDPKs can convert guanosine triphosphate (GTP) to ATP in Krebs cycle. F-ATP synthase is responsible for the production of ATP for energy supply in the mitochondria (Leyva et al., 2003) . Obviously, the up-regulation of NDPK and ATP synthase in clam gills under low salinity demonstrated the alterations in energy metabolisms, especially in Krebs cycle caused by arsenic exposure. It was also confirmed by the down-regulated succinyl-CoA synthetase (SCS) that is another enzyme catalyzing succinyl CoA to succinate in Krebs cycle. As the results, two metabolites, succinate and ATP involved in the metabolic pathways catalyzed by succinyl-CoA synthetase and ATP synthase were correspondingly down-regulated and up-regulated, respectively (Table 6, Fig. 3 ). These findings evidently revealed that a combination of metabolomics and proteomics was robust to elucidate the toxicological effects of environmental pollutants.
In conclusion, a combined metabolomic and proteomic approach was used to investigate the toxicological effects of the environmentally relevant arsenic exposure on gills of R. philippinarum under different salinities. Overall, arsenic with a concentration of 20 g L −1 induced osmotic stress and cellular injury, and affected signal transduction and immune system in clam R. philippinarum. Both metabolomic and proteomic responses indicated that that reduced salinities mainly influenced the stress response pathways and in part energy metabolism induced by 20 g L −1 arsenic. In addition, some proteomic biomarkers involved in energy metabolism were confirmed by metabolomic biomarkers. These findings demonstrated the complementary usefulness of metabolomics and proteomics in elucidating toxicological effects of environmental pollutants. Fig. 3 . A schematic presentation of pathways indicated by altered metabolites and proteins. The identified metabolites and proteins were involved in energy metabolism and marked in red (increased) and blue (decreased). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
